We have augmented the NASA DC-8 AIRSAR instrument with a pair of C-band antennas displaced across track to form an interferometer sensitive to topographic variations of the Earth's surface. The antennas were developed by the Italian consortium Co.Ri.S.T.A., under contract to the Italian Space Agency (ASI), while the AIRSAR instrument and modifications to it supporting TOPSAR were sponsored by NASA. A new data processor was developed at JPL for producing the topographic maps, and a second processor was developed at C0.Ri.S.T.A. All the results presented below were processed at JPL. During the 1991 D E 8 flight campaign, data were acquired over several sites in the United States and Europe, and topographic maps were produced from several of these flight lines. Analysis of the results indicate that statistical errors are in the 2-3 m range for flat terrain and in the 4-5 m range for mountainous areas.
Introduction
We have implemented an interferometric synthetic aperture radar s y s tem for topographic mapping applications (TOPSAR) on the NASA DC-8 aircraft. NASA /JPL currently operates a multifrequency (P, L, and C bands), multipolarimetric radar (AIRSAR) on board this aircraft. The TOPSAR implementation uses much of the existing AIRSAR hardware, although several modifications were required to optimize performance in the topographic mapping mode. When in use, TOPSAR effectively r e places the C-band polarimeter instrument, but the remaining L and Pband systems are undisturbed and operate together with the topographic mapper, therefore the combined instrument produces simultaneous L-and P-band fully polarimetric plus C-band W polarization backscatter images in addition to the topographic product.
In this paper we first describe our implementation, including system design parameters, required modifications to the existing AIRSAR hardware, and new antenna design. We then discuss data processing strategy and display some example interferometric images. Finally, we analyze an image acquired over Ft. Irwin, California, in terms of height accuracy.
Background
Interferometric radar has been been proposed and successfully demonstrated as a topographic mapping technique by Graham [l] , Zebker and Goldstein [2] , and Gabriel and Goldstein [3] . A radar interferometer is formed by relating the signals from two spatially separated antennas; the separation of the two antennas is called the baseline. The spatial extent of the baseline is one of the major performance drivers in an interferometric radar system-if the baseline is too short the sensitivity to signal phase differences will be so small as to be undetectable, while if the baseline is too long additional noise due to spatial decorrelation corrupts the signal.
Two distinct implementation approaches have been discussed for topographic radar interferometers which differ in how the interferometric baseline is formed. In one case a single antenna and radar system illuminates a given surface at two different times but with nearly the same viewing geometry, forming a synthetic interferometer. This case has been implemented both from spaceborne platforms (see, for example, Goldstein et al., [4] ) and also from aircraft (Gray and FarrisManning [5] ). In the second approach the baseline is formed by two physical antennas which id luminate a given area on the ground simultaneously. This is the approach used originally by Graham [l] and also by Zebker and Goldstein [2] for the NASA CV-990 radar; it is the approach used here.
Review of theory Consider a set of two antennas A1 and A2 as shown in figure 1. The surface topography is given by z(y), h is the aircraft altitude, the baseline distance is B, the range to a point on the ground is p, the look angle 0, and the angle of the baseline with respect to horizontal is a. Radair echoes are transmitted from antenna A1 and received simultaneously at A1 and A2, thus the difference in path lengths is 6, which depends on the baseline distance, baseline angle, range, look angle, and the height of the point z(y). The measured phase of the interferometer is directly proportional to this distance, with the constant of proportionality %. A little algebra and geometry yield the following equations for height as EL function of these parameters:
where 4 is the measured phase, and X is the wavelength.
Thus, we mewure the phase at each point in an image, and apply equations based on knowledge of imaging geometry to produce the tope. graphic height at each point.
Differentiation of (1-3) yields the error in height estimate as a function of the error in phase estimate:
where Uh and U+ are the standiird deviations of height and phase, respectively. Equation (4) suggests that optimal system performance is achievedl through minimization of phase error, wavelength, and slant range andl maximization of baseline. Howtever, the level of phase noise in the system increases with increasing baseline distance up to a critical baseline where the signals are no longer mrrels.ted and the effective signal to noise ratio in zero. Thus there exists an optimum baseline distance that minimizes tho total height error [Rodriguez and Martin, 61; this optimum is quite broad and for high (2 10 dB) signal tc noise ratio systems can be anywhere in the range of 0.2 -0.8 of the critical value. The critical baseline perpendicular to the line of sight may be c,dculated by ( for a derivation please W? Zebker and Villasenor [7] ) : where R, is the slant range resolution. Note that this equation differjs from that of Zebker and Villasenor by a factor of 2 cos 0 sin 0 as they were restricted to horizontal baselinis, used the ground rather than slant range resolution, and assumed a single antenna in repeat-track configuration rather than two physical antermas as we use in TOPSAR.
Another significant error source results from errors in knowledge of the aircraft attitude, the most important component of which is roll angle, which in our system translatai directly to an error in look angle. Again differentiation yields crh = p sin Bue
(6)
Thus, good motion compensat1,on is a prerequisite of any practical system.
A third source of error in height estimation is due to position errors in the output data points. Tinis error is highly dependent on local SUIface slope-if the ground is completely flat with zero slope the altitude of a mispositioned point will be reported correctly, while if the ground slopes the height will be in enor by an amount proportional to the prodluct of the position error and the tangent of the slope. Points may be 1595 91-72810/92$03.00 0 E E E 1992 mispositioned by several mechanisms: the aircraft position may not be well known leading to a regional position error, or, more significantly, the points in a single image may be displaced relative to each other due to uncompensated aircraft motion.
TOPSAR design
There are a number of considerations specific to the TOPSAR environment which led to the existing design. First, for cost reasons we planned to use as much of the AIRSAR hardware as possible. Since the AIRSAR operates at 70 cm (P-band), 24 cm (L-band). and 5.6 cm (C-band) wavelengths, minimizing wavelength fixes operation at Cband. Second, the D C 8 airframe fuselage can support only a 2 to 3 meter baseline without requiring significant modifications and this limits performance. The intrinsic range resolution of the AIRSAR is 3.75 m, thus the critical baseline from (5) is 150 m. Clearly the airframe will not support an interferometer at the optimum baseline and we must settle for the largest baseline attainable. We therefore chose to mount one antenna below the existing P-band antenna fairing and the second at window level; this yields a 2.58 m baseline. Although this is a factor of ten less than optimum, as we shall see below reasonable performance may still be expected. Several TOPSAR system parameters are summarized in Table 1 . Given the baseline separation and the signal to noise ratio we can then analyze performance of the interferometer. Figure 2 (see Li and Goldstein [8] or Zebker and Villasenor [7] for a description of this figure and its derivation) gives the expected phase error as a function of signal to noise ratio and number of looks for a radar interferometer. Since our baseline is so short, there is effectively no baseline decorrelation and thus we may assume that the only decorrelation is due to finite signal to noise ratio. Thus from figure 2 we see that we may expect a phase error of 3.3' if the data are processed to 16 looks and we mume a typical SNR of 13 dB. From (4) and the other parameter values from Table 1 we obtain a statistical error of 1.50 m in height precision from error sources which produce decorrelation.
As discussed in the theory section above, knowledge of the roll angle is also needed for accurate data reduction. At present our system can correct for attitude errors to the 0.015" level, which &om (6) implies a height error of 1.9 m. Our goal is to improve our motion compensation such that the effective roll angle knowledge error is O.0lo, resulting in a contribution to height error of only 1.2 m, and a total system error below 2 m.
A modification to the polarization switch on the AIRSAR C-band transmitter permits a doubling of the pulse repetition rate for the TOP-SAR mode. This improvement was possible as nominal AIRSAR pclarimeter operation requires the transmitter to alternately power a horizontally polarized antenna and a vertically polarized antenna. Since TOP-SAR requires only a single transmitting antenna, disabling this switch for the C-band channel allows twice as many pulses per unit of time compared to the L and P-band polarimeters, which as mentioned above operate simultaneously with TOPSAR. The significance of this change is that the average power is doubled and that azimuth ambiguity suppression is greatly increased.
The Lband and P-band polarimeters were left unchanged so that we acquire those data simultaneously with the TOPSAR data. We may thus use the altitude maps obtained at C-band to geometrically rectify all three P, L, and C-wavelength images. We note that only the C-band VV image is available in this mode, but all polarizations exist at L and P bands.
Data
Processing Raw data are recorded on board the aircraft on a high density digital tape recorder capable of storing 15 minutes of data acquired at an 80 Mbit s-l rate. Since we operate TOPSAR simultaneously with the L-and Pband polarimeters, only one third of this capacity is available at any time.
Our nominal pulse rate of 600 Hz and sample rate of 90 Mhz result in a usable data recording window 3 1 p in length, of which 2 6 p produce useful range data due to the 5 p transmitted pulse length overhead. Therefore the slant range swath width is 4630 m, which translates to about 6600 rn ground range at OUT nominal 45' look angle.
We note that the TOPSAR hardware and software may be operated in a reduced bandwidth mode which approximately doubles the available swath width but increases the statistical height variation to 2 m and degrades the range resolution by a factor of two.
The image formation (correlation) software is of conventional range Doppler type and is run on an Alliant super-minicomputer. Two interme diate images are formed, one from data acquired at each antenna. These complex (amplitude and phase) images are then cross-correlated to find the rangsdependent relative shifts due to cable length, system impulse transfer response, and geometrical effects, and then resampled in order to match ground points as seen by each antenna. The interferogram is formed by multiplying the two images together on a point by point basis, and spatial averaging is computed to form the "looks".
The next operation is to remove the 27r ambiguity from the interferogram phase; the algorithm used here is that described by Goldstein et al. [4] . We then solve for the height at each point using equations (1-3) above, correcting each range line for the instantaneous aircraft attitude as determined from the inertial navigation system. Finally, the data are resampled to form a ground range image which is our final product.
During the 1991 DC-8 deployment we collected data over a variety of sites although very few have been processed to date. The flight areas imaged in the TOPSAR configuration are given in Table 2 . Figure 3 shows a set of data acquired over Fort Irwin in the Mojave Desert in California. The data shown represent ground coordinate rectified topographic maps in which the color contour interval is 6 m, thus one trip around the color wheel corresponds to 96 m for our 16 entry color table. The spatial resolution is 10 m. The sccuracy of the map obtained over Ft. Irwin is described in the next section.
Verification procedure
Verification of this mapping technique involves comparing the radarderived height map with pre-existing high-resolution digital elevation models (DEMs) and characterizing the differences. Comparison was done on a data set from the Ft. Irwin area in California using the USGS 7.5' DEM with 30 m grid spacing and 7 m rms height error. Figures 4 shows a sample cut through the DEM and radar-generated terrain maps.
Summary
The TOPSAR addition to the NASA DC-8 AIRSAR instrument forms an interferometer sensitive to topographic variations of the Earth's surface. After a joint study of the system, the antennas were developed by the Italian consortium Co.Ri.S.T.A., under contract to the Italian Space Agency (ASI), while the AIRSAR instrument and modifications to it sup porting TOPSAR were sponsored by NASA. A new data processor was developed at JPL for producing the topographic maps, and a similar prccessor was developed at C0.Ri.S.T.A. Analysis of the data acquired over Ft. Irwin in California indicates that errors are in the 2 5 m range.
